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Abstract
The research evaluated a type of widely used smart wireless sensor - ZigBee sensor. This article
explained the significance of monitoring key indexes of merchandise (temperature, humidity, shock
and vibration - g value) during its transportation, introduced methodologies and involved equipment
of evaluating an existing ZigBee sensor, and shown the analysis methods as well as the conclusions
and suggestions for future researches. All data presented in this article was originally captured in
Dynamics lab and APC innovation Center of the Packaging Science Department at RIT and a local
company warehouse. As result of my research, the testing ZigBee sensor was considered accurate only
in temperature test. The effective broadcasting range has been proved larger than seventy meters with
or without blocking materials. Maximum signal strength was captured at mid top of truck trailer ,
minimum signal strength was captured from mid bottom of truck trailer.
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Commercial products get damaged and spoilage along the way of their transportation due to a variety of
factors such as temperature, humidity, vibration, shock, etc. Extreme temperature, extreme humidity,
mishandling, hitting natural resonance, unexpected shock, etc, all of above lead to mechanical or/and
chemical loss, which are big challenges to packaging industry as well as great opportunities to save cost, if
product damages are well controlled under a certain level.
Survey has been taken to reduce product damage and to improve customer satisfaction, package cost has to
be increased. Inadequate packaging can not effectively reduce damage cost, while over packaging on the
other hand, will result in material waste. Identify and apply “the Optimization Zone” of packaging systems
is a widely used solution (Fig. 1.1).
Figure 1.1: Balance in Product Damage and Package Cost
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1.2 Definition and Significance
To limit the transport loss under an acceptable level and further extend the life cycle of products,
well-controlled environment, accurate measurement, and real-time monitoring have become an active
research areas in quality control.
Inappropriate temperature and humidity might cause food melt and spoilage, medicine loss efficacy,
electronics short out, painting fading. Unexpected shock and vibration could damage product and their
packaging system. It is important to have all the environment indexes being monitored through
transportation and storage. ZigBee sensor can help with it.
ZigBee sensor is one of the most popular smart sensor in the market that applied in temperature control,
humidity control, free drop and vibration damage control. A well functional ZigBee sensor could help
minimize unnecessary product lost and package waste, on the contrary, a inaccurate ZigBee could lead to
severe product damage and over packaging. ZigBee sensor evaluation and validation were required before
implementation.
The purpose of my research is to precisely evaluate and validate the capability, accuracy and consistency of
a unknown ZigBee sensor in temperature measurement, humidity measurement, free drop and vibration
measurement, effective broadcasting range, signal strength distribution, etc. After the evaluation and
validation, we should be able to know the temperature test range, temperature reading accuracy and
consistency, humidity test range, humidity reading accuracy and consistency, free drop reading accuracy
and consistency, vibration g value reading accuracy and consistency, effective broadcasting range
with/without blocking materials, signal strength distribution in a truck trailer. By comparing and analyzing
these key indexes we can choose ZigBee sensor which meet requirements of consumers and industry.
In my thesis, I will introduce the methodology to evaluate the capability of unknown ZigBee sensor and to
validating procedures, as well as equipment and supplies that are involved.
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1.3 ZigBee Technology
ZigBee sensor is one of the most popular sensor in the market now which helps with temperature
monitoring, humidity monitoring, shock recording, vibration recording, etc. It can be customized to a small
device with single or multiple functions, in order to meet the variety demands of customers.
 ZigBee Standard.
ZigBee is a standard that defines a set of communication protocols for low data rate, short range wireless
networking. ZigBee-based wireless devices operate in 868 MHz, 915MHz, and 2.4GHz frequency bands.
The maximum data rate is 250K bits per second. ZigBee is targeted mainly for battery-powered
applications where low data rate, low cost, and long battery life are main requirements. In many ZigBee
applications, the total time the wireless device is engaged in any type of activity is very limited; the device
spends most of its time in a power-saving mode, also known as sleep mode. As a result, ZigBee-enabled
devices are capable of being operational for several years before their batteries need to be replaced[1].
 ZigBee Applications
Regards to its energy consumption and communication features, ZigBee Standards are intended for
embedded applications in low data rates and low energy cost. Typical ZigBee application located in area of
home entertainment and control, wireless sensor networks, industrial control, embedded sensing, medical
data collection, smoke and intruder warning, building automation, etc.
 Devices in ZigBee sensor network
The entire operational consists of three main parts: ZigBee Coordinator, ZigBee Router and ZigBee End
Devices/Receiver. The Coordinator is the most capable device, which forms the root of the network tree
and might bridge to other networks. As well as running an application function, a Router can act as an
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intermediate router, passing on data from other devices. It contains just enough functionality to talk to the
parent node (either the Coordinator or a Router); it cannot relay data from other devices. This relationship
allows the node to be asleep a significant amount of the time thereby giving long battery life. A ZED
requires the least amount of memory, and therefore can be less expensive to manufacture than a ZR or ZC.
Figure 1.2: ZigBee Network
 ZigBee Topology
ZigBee technology uses four basic topologies: Peer to peer, Star, Mesh and Cluster tree (Fig. 1.2). Topology
of a network depends on the problem and network scheme. Each topology has many advantages and
disadvantages but they are not part of this article’s discussion [3].
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Figure 1.3: ZigBee Topology
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2 Literature Review
Main areas of my research about the sensor were focused on temperature test, relative humidity test, shock
g-value, vibration g-value and broadcasting range. To help establish effective and accurate test
methodologies, I widely reviewed journals and articles on the topics of sensor calibration or sensor
accuracy measurement. In these articles they introduced detail test methods, test procedures as well as their
analyzing emphasis.
Anton Bakker introduced his method of analyzing sensor accuracy in his article “CMOS Smart
Temperature Sensors- An Overview”, published in Sensors, 2002. In his accuracy analysis part he made a
comparison between original smart temperature sensor and calibrated sensor. Accuracy has been improved
from +/-1℃ down to +/-0.3℃ [5]. X axis was temperature℃ range from -75 to 150 (℃). Y axis was Error
(℃). This article clearly shown the sensor accuracy under all temperature range, as well as peak points and
trends. So I decided to follow this analysis method, any sensor error less than +/-1.5℃ or +/-2.7 ℉ will be
considered accurate . Also in his article, he made +/-1.5℃ as a tolerance value of accuracy. I followed this
analysis method as well. Any temperature error smaller than +/-1.5℃ will be considered as accurate. In
another article “A High-Accuracy Temperature Sensor With Second-order Curvature Correction and Digital
Bus Interface”, the authors used same analysis methods to compare temperature sensors without and with
curvature correction, which is a correction technique for sensor calibration[6].
In addition, I decided to add individual accuracy analysis for each temperature in my experiment, since I
utilized five independent sensor to record temperature data. It is important to know the reading consistency
of each sensor, which allow us to judge which data is valid and which is invalid.
Humidity accuracy test shares lots of common with temperature accuracy test. In “A CMOS Humidity
Sensor with On-chip Calibration ” written by Y.Y. Qiu, , C. Azeredo-Leme, L.R. Alcácer and J.E. Franca,
humidity accuracy was measured by comparing ambient RH% and RH% indicated by sensor. They defined
sensor accuracy as “the sensor error after calibrating for the offset and gain error”[7] and presented complete
experiment conducting procedures. In their methods, they even gave out a correction coefficient for sensor
calibrating. In another article “Humidity Sensor Using Epoxy Resin Containing Quaternary Ammonium
salts” by Chil-Won Lee, Hee-Woo Rhee, Myoung-Seon Gong, authors presented a different analyzing
method, in which “Immersion Time” was on axis, difference (%RH) was on Y axis as they suggested
“Response time is one of the significant features for the estimation of the humidity sensors”[8]. By
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combining two of their charts I got a new chart with ambient %RH on X axis and difference/Error on Y
axis, which is closer to my temperature test method, easy for readers to follow my experiment.
I could not find any %RH accuracy tolerance value in research papers, but in “A CMOS Humidity Sensor
with On-chip Calibration ”, the author pointed out their controlled environmental chamber had +/-3 %RH
deviation, so I decided to go with this value as my %RH accuracy standard. Any %RH error smaller than
+/-3 % will be considered as accurate.
For both temperature and humidity test, sensor error was defined as the absolute value of difference
between testing sensor readings and pre-calibrated reference sensor readings.
reftesterror TTT 
reftesterror RHRH%RH %% 
In most shock sensor study, researchers were focus on connecting drop height and responding G value.
They established drop height - responding g value curve, add coefficient to correct errors and balancing
damping like G.X. Li and F.A. Shemansky Jr. did in their publication “Drop test and analysis on
micro-machined structures”. Yet my research did not go that far. My research was focus on the accuracy of
g value readings from the sensor. So I simplified their test method by focusing only on the g value. On the
other hand, I expanded dropping conditions, included all 10 orientations (6 flats, 3 edges, 1 corner). In this
way all dropping situations had been taken consideration.
In “Fundamental of Accelerometer Calibration” by Richard Bono, according to ISO standards, acceptable
errors for accelerometers are listed below (table 2.1).
Table 2.1: Accelerometer Types and Corresponding Acceptable Errors
Sensor Frequency (Hz) Acceptable Error
1 to 20 +/-3%
20 to 5000 +/-1.5%
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5000 to 10000 +/-3%
>10000 +/-4.5%
So the error tolerance for my shock and vibration would be +/-1.5%.
Merchandise will also generated acceleration during vibrating. “The ground vibration signals were recorded
simultaneously by both of the fiber-optic sensor and geophone. Each test was repeated several times under
identical conditions to yield reliable data.”[9]TsairChun Lian and YungLi Lin had presented their test
method in “Ground Vibrations Detection with Fiber Optic Sensor”. In their analysis chart, time was on X
axis, acceleration was on Y axis. To keep consistency to shock test, make it more friendly to readers,
acceleration will convert to g value in my research.
Also, for shock and vibration test, sensor error was defined as the absolute value of difference between
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3 Materials and Methods
3.1 Sensor Selection
The ZigBee sensor used in this experiment was a self-innovated sensor provided by ITS department of
Rochester Institute of Technology. The entire ZigBee system is consist of two parts: The end receiver which
constructed by one piece of printed circuit board, one embedded temperature sensor, one embedded
humidity sensor, two accelerometers, and an external battery case, is designed to record real time
temperature, real time humidity, vibration and shook data; The coordinator which constructed by one piece
of printed circuit board with multiple electronic components on it, is designed to receive data from end
receivers and decoding and transfer them to a computer for data analysis.
3.2 Sensor Test
3.2.1 Temperature Test
It is necessary to run a functional calibration on all tested ZigBee sensors to assure the experiment data
firm and valid. The specific calibration progress includes create test procedure, data collection, statistic
analysis and output sensor error.
The temperature monitoring and controlling is acting a more and more important role in food industry, the
laboratory, pharmaceutical industry or even in environmental monitoring, temperature control is vital.
Many people still underestimate the importance of having an adequate temperature monitor in place, but
failing to have one sometimes could mean that the company is breaking the law.
According to food safety law, all food products have to be kept at designated temperatures if they are
going to be safe to eat. Having them too cold renders them inedible and too warm it could encourage
bacteria growth, so keeping a close eye on temperatures is essential. This applies to the storage areas, such
as the fridges or freezers, but it also applies to the preparation and cooking areas and even on the shop
floor itself, so it’s necessary to have a temperature monitor at every step of the way.
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The best temperature to storage raw fish should be around -3℃, and raw fish can be kept for over six
months in a freezer of -18℃. Raw meat can be well kept for one week under 2℃ to 5℃. Beer is suggested
to stored around 0℃ to 15℃. The best storage temperature of milk would be 1℃ to 6℃, which could
effectively suppress bacteria growth and deterioration. Tea can be well kept and maintain its natural
vitamin when stored around -20℃. Vegetables are recommended to keep in an environment of 7 ℃ to
10℃ to help retaining its freshness.
Figure 3.1: Most Efficient Temperature in Warehouse and on Truck Trailer
The ZigBee sensor has to be capable of accurately measuring temperature over the range from -20 to 60℃
and referenced to a well-calibrated environmental chamber[2] and a digital TEMP/RH logger. The reason
to have an additional reference sensor is the temperature vary at different locations inside the chamber.
A VWR temperature and humidity meter and a ENVIREN SERVICES, INC environmental chamber was
utilized in this temperature calibration experiment (Model number HB/4; Capabilities: Interior Dimensions
(inch): width 18”, Height 19”, Depth 19”; Temperature Range: -17℃ to 93℃ Single Stage Refrigeration;
Humidity Range: 20% RH to 98% RH Limited by 3℃ Dew point).
Also regards to interference of metal, a piece of corrugated board was placed underneath to separate
experimental sensor and inner bottom of the chamber.
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Figure 3.2: The Environmental Chamber and Arrangement of ZigBee Sensors Inside
Instruments and equipment applied in this experiment:
 Environmental chamber
 5 ZigBee end receiver
 1 ZigBee coordinator
 1 digital temperature and relative humidity logger
 1 Corrugated paper board.
Procedures of Temperature Test:
Step 1. Prepare 5 ZigBee sensors, battery fully charged, 1 ZigBee coordinator connected to the laptop.
Step 2. Set the environmental chamber to 25℃ and 50% Relative Humidity. Wait until it stabilized itself.
Step 3. Place one piece of paper board at the bottom of the environmental chamber to avoid direct contact
between electronic sensors and metal bottom. After that place 5 ZigBee receivers and the digital
TEMP/RH logger into the chamber.
Step 4. Start to record the temperature every 10 seconds.
Step 5. After 10 minutes, higher the environmental chamber’s temperature to 35℃ and keep recording.
Step 6. After 10 minutes, lower the environmental chamber’s temperature back to 25℃ and keep
recording.
Step 7. After 10 minutes, terminate the experiment, take sensor out of the environmental chamber, read
out captured data.
Step 8. Define and record the heating stabilizing time Tt1 and cooling stabilizing time Tt2.
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Step 9. Reset the environmental chamber to temperature of 60℃ and 35% Relative Humidity. Put 5
ZigBee end receivers into the environmental chamber, hold for time of Tt. (T≥max[ Tt1, Tt2 ] )
Step 10. Read out data on laptop, take receivers out of the chamber.
Step 11. Change the temperature from 60℃ to 50℃, Relative Humidity from 35% to 45%, repeat
step 9-10.
Step 12. Continue until all designed temperature data points are tested.
Step 13. Run statistic analysis on all collected data, calculate sensor errors.





















3.2.2 Relative Humidity Test
The ZigBee sensor has to be capable of accurately measuring relative humidity over the range from 10%
to 90% and referenced to a well-calibrated environmental chamber and a digital TEMP/RH logger. The
reason to have an additional reference sensor is the humidity level vary at different locations inside the
chamber.
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A VWR temperature and humidity meter and a ENVIREN SERVICES, INC environmental chamber was
utilized in this temperature calibration experiment (Model number HB/4; Capabilities: Interior Dimensions
(inch): width 18”, Height 19”, Depth 19”; Temperature Range: -17℃ to 93℃ Single Stage Refrigeration;
Humidity Range: 20% RH to 98% RH Limited by 3℃ Dew point).
Also regards to interference of metal, a piece of corrugated board was placed underneath to separate
experimental sensor and inner bottom of the chamber.
Figure 3.3: Most Effective %RH in Warehouse and Truck Trailer
Instruments and equipment applied in this experiment:
 Environmental chamber
 5 ZigBee receivers
 1 ZigBee coordinator
 1 Computer
 1 digital temperature and relative humidity meter
 1 corrugated paper board.
Procedures of Relative Humidity Test:
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Step 1. Prepare 5 ZigBee sensors, battery fully charged, 1 ZigBee coordinator connected to the laptop.
Step 2. Set the environmental chamber to 25℃ and 50% Relative Humidity. Wait until it stabilized itself.
Step 3. Place one piece of paper board at the bottom of the environmental chamber to avoid direct contact
between electronic sensors and metal bottom. After that place 5 ZigBee receivers and the digital
TEMP/RH logger into the chamber.
Step 4. Start to record the temperature every 10 seconds.
Step 5. After 10 minutes, increase the environmental chamber’s relative humidity to 60% and keep
recording.
Step 6. After 10 minutes, decrease the environmental chamber’s relative humidity back to 50% and keep
recording.
Step 7. After 10 minutes, terminate the experiment, take sensor out of the environmental chamber, read
out captured data.
Step 8. Define and record the stabilizing time Th1 and cooling stabilizing time Th2.
Step 9. Reset the environmental chamber to temperature of 65℃ and 10% Relative Humidity. Put 5
ZigBee end receivers into the environmental chamber, hold for time of Th. (Th≥max[ Th1,Th2 ] )
Step 10. Read out data on laptop, take receivers out of the chamber.
Step 11. Change the temperature from 65℃ to 60℃, Relative Humidity from 10% to 20%, repeat
step 9-10.
Step 12. Continue until all designed relative humidity data points are tested.
Step 13. Run statistic analysis on all collected data, calculate sensor errors.



















3.2.3 Free Drop Test
The ZigBee sensor is designed with the ability of accurately measuring the G value of drop height range
from 0.2 meter to 2 meters. Dropping orientation should be ≤2º at horizontal and ≤5º at vertical. Sensor will
be placed on the inner surface of a 15 pounds, 11” x 11” x 15” solid sand box. Three different types of
dropping will be conducted: Flat surface dropping, Edge dropping and Corner dropping.
Figure 3.4: Free Drop Tester
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Figure 3.5: Illustration of 10 Dropping Orientations and Their Corresponding Number
Instruments and equipment applied in this experiment:
 Drop tester
 1 ZigBee coordinator
 1 ZigBee receiver
 1 pre-calibrated accelerometer
 1 wooden sand box
Procedures of Shock Test:
Step 1. Prepare ZigBee sensor to be calibrated (Battery fully charged).
Step 2. Prepare the sand box to be tested.
Step 3. Tape the receiver on the inner surface of the sand box, make sure it is steady and firm.
Step 4. Program drop height to 24 inches. (Usually the Drop height is determined by the weight of product,
calculating with formula below:
W
H 300
Units: Height (cm) Weight (kg)
But limited by our drop tester, we modified the drop height to 24 inches.)
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Step 5. Conduct ISTA 1A drop test, which consist of 10 drops (6 flats surface, 3 edges, 1 corner), 5 trials
for each drop.
Step 6. After all 10 drops has been completed, stop the test, take sensor out of the sand box, collect test
data.
Step 7. Run statistic analysis on all designed data points.




#1 #2 #3 #4 #5







Shipments of like packages have come increasingly to be unitized for reasons of economy. Mechanically
arranging and stacking containers on a single pallet or other platform offers the advantages of mechanized
transfer and storage with protection from the hazards of manual handling.This new environment for the
package has shifted its probability of transportation damage from the shock and impact mode common
with manual handling to the vibration mode[4].
The chart below indicated that most transportation relevant vibration are located between 3 to 300 Hz. The
ideal ZigBee sensor is required to accurately detect the corresponding G (gravity) value in that range.
Table 3.4: Typical Vibration Frequencies for the Most Common Modes of Transportation
Carrier Conditions/Source of vibration Frequency Range (Hz)
Truck Normal highway travel:
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Instruments and equipment applied in this experiment:
 Vibration Table
 1 ZigBee coordinator
 1 ZigBee receiver
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Figure 3.6: Vibration Table
Procedures of Vibration Test:
Step 1. Set up the vibration table, make sure it is well functional.
Step 2. Prepare ZigBee sensors to be tested (Battery fully charged).
Step 3. Stick a double-side tape at the center of the vibration table, then put the ZigBee receiver on the
tape. Lightly press the receiver to make sure the receiver is firmly attached to the tape.
Step 4. Program a vibration file of 10Hz/1G Dwell for 15 minutes.
Step 5. When test complete, stop the vibration table, collect data from ZigBee receiver.
Step 6. Run a typical truck file (ISTA Steel Spring Truck) for 30 minutes,
Step 7. When test complete, stop the vibration table, collect data from ZigBee receiver.
Step 8. Run statistic analysis on all collected data.
Table 3.5: Conceptual Result Matrix of 10Hz/1G Dwell Test




Table 3.6: Conceptual Result Matrix of 0.542G Random Test
0.542G Steel Spring Truck
TIME (s) RMS
3.2.5 Effective Broadcasting Range Test
Each ZigBee device has its own effective broadcasting range. Only distances in that range can data be
captured timely and accurately. Precisely determine their broadcasting range will help modify sensor
mapping. If the sensor is in the range, signal will be received. If out of the range, no signal will be
received.
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Figure 3.7: Effective Broadcasting Range Test
Instruments and equipment applied in this experiment:
 1 ZigBee coordinator
 1 ZigBee receiver
 Tape measure
Procedures of Effective Broadcasting Range Test:
Step 1. Prepare the ZigBee coordinator and receiver to be tested (Battery full charged).
Step 2. Place ZigBee coordinator on a fixed position, place ZigBee receiver 5 meters away from the
coordinator, check if data has been received.
Step 3. Add 5 meters to the broadcast range if data received until there is no signal, then stop the test.
Step 4. Rotate 45°of coordinator, repeat 2-3.
Step 5. After all directions have been tested, record test results, filter out the least and the most distance.
The effective broadcast range should be formed in [Dleast - Dmost].
Table 3.7: Conceptual Result Matrix of Effective Broadcasting Range Test
Coordinator
Orientation
Effective Broadcasting Range (m)






ZigBee sensor will be blocked by varies of materials due to different responses from individual material
such as absorption, reflection and detuning. See below effects of different materials on RF field.
Table 3.8: Effects of Different Materials on RF Field
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Metals Reflection
Groups of cans Complex effects(lenses, filters), reflection
Human body/animals Absorption, detuning(dielectric), reflection
When effective broadcasting range test had done, sensor would be placed in a series of same volume
boxed made by different blocking material to explore how sensor performed with blocking materials
around.
Instruments and equipment applied in this experiment:
 1 ZigBee coordinator
 1 ZigBee receiver
 Tape measure
 6” x 6” x 6” wooden box
 6” x 6” x 6” plastic box (poly-lactic acid)
 6” x 6” x 6” corrugated box (E flute, 32 ECT)
 6” x 6” x 6” aluminum box
 5” x 5” x 5” glass jar
 5” x 5” x 8” foam box (Expanded Polystyrene)
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Figure 3.8: Effective Broadcasting Range Test with Blocking Materials
Test procedure was inherit from Procedures of Effective Broadcasting Range Test. All blocking materials
should be tested before moving to a new distance data point. The orientation of the coordinator and the
receiver should remain the same as it is in Effective Broadcasting Range Test to eliminate uncertain
factors.
Table 3.9: Conceptual Result Matrix of Effective Broadcasting Range Test with Blocking Materials
Blocking
Material
Receiver Effective Range (m)











3.2.6 Signal Strength Distribution in Truck Trailer
In order to accurately simulate real world transportation environment, a field test was designed to find out
the performance of ZigBee sensor on a regular truck.
The experiment is conducted in a regular 18 wheels truck owned by American Packaging Corporation. The
coordinator was placed on co-pilot passenger seat while the receiver was taped in 6 different positions,
which are rear top, rear bottom, mid top, mid bottom, front top and front bottom.
In this experiment an additional signal strength measuring software was utilized to help locate not only the
functional area but also the most effective spot inside a truck trailer.
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Figure 3.9: ZigBee Sensor Signal Strength Test in Truck Trailer
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4 Data Analysis andAssessment
4.1 Analysis of Temperature Test
As described above in 3.2.1 procedures of temperature test, 5 ZigBee sensors (receiver) were designed in
this experiment. Temperature data points were captured every 30 seconds. Temperature range was from
-20℃ (-4℉) to 60℃ (140℉) approximately.
Three key features are discussed in data analyzing:
·Standard Deviation of each sensor readings
·Independence of five sensors
·Sensor errors of five sensors
Standard deviation refers to the consistency of data points from one ZigBee receiver. It decides whether the
collected data points are trusted or contains too much error and needs to be re-collect. In statistics,
the p-value is a function of the observed sample results (a statistic) that is used for testing a statistical
hypothesis (from wikipedia). If p-value is larger than 0.05, sample groups have no statistic significant
difference; if p-value is smaller than 0.05, sample groups have statistic significant difference; if p-value is
smaller than 0.01 which means sample groups have observable statistic significant difference.
Analysis of each temperature.
Table 4.1: Sensor Readings at 138.3℉
Environment Temp (138.3℉)
Sensor Number
1 2 3 4 5
Temperature (℉) 138.2 138.2 138.2 138.2 138.2
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138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 136.4 138.2 138.2
138.2 138.2 136.4 138.2 138.2
138.2 138.2 136.4 138.2 136.4
138.2 138.2 136.4 138.2 138.2
138.2 138.2 136.4 138.2 138.2
138.2 138.2 136.4 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
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138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
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138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
138.2 138.2 138.2 138.2 138.2
Mean Value (F) 138.2 138.2 137.984 138.2 138.164
In this experiment MINITAB 17, ANOVAwas used to help analyzing.
Table 4.2: One-way ANOVA and Fisher Pairwise Comparisons of Temperature Test at 138.3℉
Factor Information
Factor Levels Values
sensor number 5 1, 2, 3, 4, 5
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
sensor number 4 1.763 0.44064 5.32 0.000
Error 245 20.282 0.08279
Total 249 22.045
Means
Sensor number N Mean StDev 95% CI
1 50 138.2 0.0 ( 138.1, 138.3 )
2 50 138.2 0.0 ( 138.1, 138.3 )
3 50 137.984 0.591 ( 137.904, 138.064 )
4 50 138.2 0.0 ( 138.1, 138.3 )
5 50 138.164 0.255 ( 138.084, 138.244 )
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Grouping Information Using the Fisher LSD Method and 95% Confidence
Sensor number N Mean Grouping
4 50 138.2 A
2 50 138.2 A
1 50 138.2 A
5 50 138.164 A
3 50 137.984 B
Means that do not share a letter are significantly different.
Table 4.3: Sensor Error of Temperature Test at 138.3℉
Sensor # 1 2 3 4 5 Mean
Sensor Error (F) 0.1 0.1 0.316 0.1 0.136 0.150
The standard deviation of 5 sample groups are 0.0 (sensor #1), 0.0 (sensor #2), 0.591 (sensor #3), 0.0
(sensor #4), 0.255 (sensor #5). Sensor #1, #2 and #4 have the most consistency in collecting data points,
sensor #3 has the least consistency in collecting data points.
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Figure 4.1: Individual Value Plot of Sensor Readings vs Sensor Number at 138.3℉
P value is 0.00, smaller than 0.01, which means 5 sample groups was significantly different to each other.
In details, sensor #3 has statistic significant difference to the rest 4 sensors (Letter “B”). Sensor #1, #2, #5,
#5 has no statistic significant difference to each other (shared Letter “A”).
Figure 4.2: Fisher Individual 95% CIs - Differences of Means of Sensor Readings at 138.3℉
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From sensor 1 to sensor #5, sensor errors were (℉) 0.1, 0.1, 0.316, 0.1, 0.136. Mean of errors was (℉)
0.150. All sensor errors were smaller than +/-2.7℉, so all sensors were considered accurate. Comparatively,
sensor #1, #2 and #5 had the most accuracy, sensor #3 had the least accuracy.
Figure 4.3: Individual Value Plot of Sensor Error vs Sensor Number at 138.3℉
Complete ANOVAAnalysis of the other 8 temperature data points can be found in appendix.











#1 #2 #3 #4 #5 Error (℉)
-16.8 1.76 N/A -0.508 -0.4 -0.4 -1.228 -2.2 2.707
-8.9 15.98 90% 13.892 14 14.18 14 14 1.967
0.5 32.9 81% 30.272 30.236 32.036 31.208 32 1.750
10.4 50.72 75.0% 48.704 48.56 50 50 50 1.267
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19.6 67.28 60.0% 66.2 65.768 66.2 66.2 66.2 1.166
29.4 84.92 55.0% 84.2 84.2 84.2 84.2 84.202 0.720
39.2 102.56 50.0% 102.2 102.2 102.204 102.2 102.2 0.359
49.1 120.38 45.0% 120.2 120.2 120.2 120.202 120.2 0.180
59.06 138.31 35.0% 138.2 138.2 137.984 138.2 138.164 0.150
Ran ANOVA test on all sensor readings after data normalization.
Table 4.5: One-way ANOVA and Fisher Pairwise Comparisons of Temperature Test Over All Temperatures
Factor Information
Factor Levels Values
sensor number 5 1, 2, 3, 4, 5
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
sensor number 4 46.57 11.6425 12.22 0.000
Error 2245 2138.17 0.9524
Total 2249 2184.74
Means
Sensor number N Mean StDev 95% CI
1 450 -1.2722 0.9961 ( -1.3624, -1.1820 )
2 450 -1.3162 0.9960 ( -1.4064, -1.2260 )
3 450 -0.9118 0.6949 ( -1.0020, -0.8216 )
4 450 -1.0920 0.9988 ( -1.1822, -1.0018 )
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5 450 -1.1160 1.1390 ( -1.2062, -1.0258 )
Grouping Information Using the Fisher LSD Method and 95% Confidence
Sensor number N Mean Grouping
3 450 -0.9118 A
4 450 -1.0920 B
5 450 -1.1160 B
1 450 -1.2722 C
2 450 -1.3162 C
Means that do not share a letter are significantly different.
Table 4.6: Sensor Error of Temperature Test Over All Temperatures
Sensor # 1 2 3 4 5 Mean
Sensor Error (F) 1.2722 1.3162 0.9158 1.0920 1.1160 1.1416
The standard deviation of 5 reading groups over all temperatures were 0.9961 (sensor #1), 0.9960 (sensor
#2), 0.6949 (sensor #3), 0.9988 (sensor #4), 1.1390 (sensor #5). Sensor #3 had the most consistency of all
five sensors, sensor #5 had the least consistency of all five sensors.
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Figure 4.4: Individual Value Plot of Normalized Sensor Readings vs Sensor Number Over All Temperatures
P value is 0.00, smaller than 0.01, which means 5 sample groups was significantly different to each other.
Figure 4.5: Fisher Individual 95% CIs
- Differences of Means for Normalized Sensor Readings Over All Temperatures
From sensor #1 to sensor #5, sensor errors were (℉) 1.2722, 1.3162, 0.9118, 1.0920, 1.1160. Mean of
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errors was (℉) 1.1416. All sensor errors were smaller than +/-2.7℉, so all sensors were considered
accurate. Comparatively, over all temperatures, sensor #3 had the most accuracy, sensor #2 had the least
accuracy.
Figure 4.6: Individual Value Plot of Sensor Error vs Sensor Number Over All Temperatures
Table 4.7: One-way ANOVA and Fisher Pairwise Comparisons
of Temperature Test Over All Sensor Readings
Factor Information
Factor Levels Values
Ambient Temp 9 1.76 15.98 32.90 50.72 67.28 84.92 102.56 120.38 138.3
Means
Ambient Temp (℉) N Mean StDev 95% CI
1.76 250 -2.7072 0.8296 ( -2.7733, -2.6411 )
15.98 250 -1.9656 0.3223 ( -2.0317, -1.8995 )
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32.90 250 -1.7496 0.9147 ( -1.8157, -1.6835 )
50.72 250 -1.2672 0.8296 ( -1.3333, -1.2011 )
67.28 250 -1.1664 0.3856 ( -1.2325, -1.1003 )
84.92 250 -0.719600 0.006325 ( -0.785678, -0.65352 )
102.56 250 -0.359200 0.012649 (-0.425278, -0.29312 )
120.38 250 -0.179600 0.006325 (-0.245678, -0.11352 )
138.31 250 -0.1604 0.2975 ( -0.2265, -0.0943 )
Table 4.8: Sensor Error of Temperature Test Over All Sensor Readings
Ambient
Temp
1.76 15.98 32.90 50.72 67.28 84.92 102.56 120.38 138.31 Mean
Sensor
Error (℉)
2.7072 1.9656 1.7568 1.2672 1.1664 0.7196 0.3592 0.1796 0.1604 1.1424
At ambient temperature of 84.92℉ and 120.38℉ sensors had the most consistency (StDev = 0.006325),
under environment temperature of 32.90F sensors had the least consistency (StDev = 0.9147).
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Figure 4.7: Individual Value Plot of Normalized Sensor Readings vs Ambient Temperature
From 1.76℉ to 138.31℉, sensor errors were (℉) 2.7072, 1.9656, 1.7568, 1.2672, 1.1664, 0.719600,
0.359200, 0.179600, 0.1604. All sensor errors except were smaller than +/-2.7℉ except sensor error at
1.76 ℉, so sensors were considered accurate at all temperature except 1.76℉. Comparatively, over all
temperature range, sensors had the most accuracy at 138.31 F, sensors had the least accuracy at 1.76℉.
Mean value of sensor errors was 1.1424, smaller than +/-2.7℉, so sensor was considered accurate in
measuring temperature.
Figure 4.8: Individual Value Plot of Sensor Error vs Ambient Temperature
Fig.4.8 above indicated that in temperature testing, ZigBee sensor performed better under higher ambient
temperature.
Sources of Errors
Error generated in Experiment Design
a. Though the reference temperature meter had been calibrated, minor error was unavoidable.
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b. Reference temperature meter and five ZigBee sensors were placed in a row in environmental chamber.
They were close to each other, but still there would be some error since they were not at exactly the
same spot.
c. When I conducted temperature test, PCB was exposed directly to the environment, without a
protection case. Powering voltage might be affected when ambient temperature drops too quickly.
Error generated in Experiment Implementation
a. Since the environmental chamber does not have a monitoring window, reference meter readings were
collected when operator opened the environmental chamber, during that process ambient temperature
might have minor changes.
b. The reference sensor in this experiment was in Celsius degree, yet the ZigBee sensor was in
Fahrenheit degree. Errors was generated during unit converting.
4.2 Analysis of Relative Humidity Test
As described above in 3.2.2 Procedures of Relative Humidity Test, 5 ZigBee sensors are designed in this
experiment. Temperature data points are captured every 30 seconds. Relative Humidity test range was from
10% to 90%.
Three key features are discussed in data analyzing:
·Standard Deviation of each sensor readings
·Independence of five sensors
·Sensor errors of five sensors
Standard deviation refers to the consistency of data points from one ZigBee receiver. It decides whether the
collected data points are trusted or contains too much error and needs to be re-collect. In statistics,
the p-value is a function of the observed sample results (a statistic) that is used for testing a statistical
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hypothesis (from wikipedia). If p-value is larger than 0.05, sample groups have no statistic significant
difference; if p-value is smaller than 0.05, sample groups have statistic significant difference; if p-value is
smaller than 0.01 which means sample groups have observable statistic significant difference.
Analysis of each %RH.




1 2 3 4 5
Relative Humidity (%)
53 51 52 53 65
52 51 52 53 65
52 51 52 53 65
52 51 52 53 65
52 51 52 53 65
52 51 52 53 65
51 51 52 53 64
52 51 52 53 64
51 51 52 53 64
52 51 52 53 65
51 51 52 53 65
51 51 52 53 65
51 51 52 53 64
51 51 52 53 64
52 51 52 53 64
51 51 52 53 65
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51 51 52 53 65
52 51 52 53 65
52 51 52 53 65
52 51 52 53 65
51 51 52 53 65
52 51 52 53 64
52 51 52 53 65
52 51 52 53 65
52 51 52 53 65
52 51 52 53 65
51 51 52 53 65
52 51 52 53 65
52 51 52 53 64
52 51 52 53 64
51 51 52 53 65
52 51 52 53 64
52 51 52 53 64
51 51 52 53 64
52 51 52 53 64
52 51 52 53 64
52 51 52 53 64
51 51 52 53 64
52 51 52 53 64
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51 51 52 53 64
51 51 52 53 64
52 51 52 53 64
51 51 52 53 64
51 51 52 53 64
In this experiment MINITAB 17, ANOVAwas used to help analyzing.
Table 4.10: One-way ANOVA and Fisher Pairwise Comparisons of Relative Humidity Test at 54.3% RH
Factor Information
Factor Levels Values
sensor number 5 1, 2, 3, 4, 5
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
sensor number 4 6404.96 1601.24 15123.51 0.000
Error 245 25.94 0.11
Total 249 6430.90
Means
Sensor number N Mean StDev 95% CI
1 50 51.6400 0.5253 ( 51.5494, 51.7306 )
2 50 51.00 0.0 ( 50.91, 51.09 )
3 50 52.00 0.0 ( 51.91, 52.09 )
4 50 53.00 0.0 ( 52.91, 53.09 )
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5 50 64.4600 0.5035 ( 64.3694, 64.5506 )
Grouping Information Using the Fisher LSD Method and 95% Confidence
Sensor number N Mean Grouping
5 50 64.46 A
4 50 53.00 B
3 50 52.00 C
1 50 51.6400 D
2 50 51 E
Means that do not share a letter are significantly different.
Table 4.11: Sensor Error of Relative Humidity Test at 54.3% RH
Sensor # 1 2 3 4 5 Mean
Sensor Error (%RH) 2.66 3.3 2.3 1.3 10.16 3.944
The standard deviation of 5 reading groups were 0.5253 (sensor #1), 0.0 (sensor #2), 0.0 (sensor #3), 0.0
(sensor #4), 0.5035 (sensor #5). Sensor #2, #3 and #4 had the most consistency in collecting data points,
sensor #1 had the least consistency in collecting data points.
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Figure 4.9: Individual Value Plot of Sensor Readings vs Sensor Number at 54.3% RH
P value is 0.00, smaller than 0.01, which means 5 sample groups was significantly different. In details, 5
groups share 5 different letters, no group was close to other.
Figure 4.10: Fisher Individual 95% CIs - Differences of Means for Sensor Readings at 54.3% RH
From sensor #1 to sensor #5, sensor errors were (%RH) 2.66, 3.3, 2.3, 1.3, 10.16. Sensor errors of sensor
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#1, #3, #4 were smaller than +/-3%RH, so these three sensors were considered accurate. Comparatively,
sensor #4 had the most accuracy, sensor #5 had the least accuracy
Figure 4.11: Individual Value Plot of Sensor Error vs Sensor Number at 54.3% RH
Complete ANOVAAnalysis of the other 8 relative humidity data points can be found in appendix.







#1 #2 #3 #4 #5 Error (% RH)
14.7 59.6 -0.7 -1.78 1.54 0.6 10.58 12.652
24.8 59.7 10.7 9 12.18 12 20.06 12.012
32.3 59.2 21.34 20 22.98 23 33 8.516
45.2 34.7 42.76 41.96 43.48 43.44 52.4 3.272
54.3 35 51.64 51 52 53 64.46 3.944
63.5 34.9 60.84 59.56 61 63.98 75 4.216
71.3 34.9 69.46 67.04 68 74 84 4.96
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78.6 29.6 80.06 77.16 78.02 86.28 94.08 5.328
82.9 29.6 N/A N/A N/A N/A N/A N/A
Ran ANOVA test on all sensor readings after data normalization.
Table 4.13: One-way ANOVA and Fisher Pairwise Comparisons
of Relative Humidity Test Over All %RHs
Factor Information
Factor Levels Values
sensor number 5 1, 2, 3, 4, 5
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
sensor number 4 48176 12044.1 301.09 0.000
Error 1995 79804 40.0
Total 1999 127981
Means
Sensor number N Mean StDev 95% CI
1 400 -6.075 6.008 ( -6.695, -5.455 )
2 400 -7.595 5.806 ( -8.215, -6.975 )
3 400 -5.688 4.847 ( -6.308, -5.067 )
4 400 -3.550 7.263 ( -4.170, -2.930 )
5 400 6.110 7.346 ( 5.490, 6.730 )
Grouping Information Using the Fisher LSD Method and 95% Confidence
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Sensor number N Mean Grouping
5 400 6.110 A
2 400 -3.550 B
1 400 -5.688 C
4 400 -6.075 C
3 400 -7.595 D
Means that do not share a letter are significantly different.
Table 4.14: Sensor Error of Relative Humidity Test Over All %RHs
Sensor # 1 2 3 4 5 Mean
Sensor Error (%RH) 6.440 7.595 5.690 6.267 8.325 6.863
The standard deviation of 5 reading groups over all %RHs were 6.008 (sensor #1), 5.806 (sensor #2),
4.847 (sensor #3), 7.263 (sensor #4), 7.346 (sensor #5). Sensor #3 has the most consistency in
collecting %RH data points, sensor #5 has the least consistency in collecting %RH data points.
Evaluation and Assessment of ZigBee Wireless Sensor
48
Figure 4.12: Individual Value Plot of Normalized Sensor Readings vs Sensor Number Over All %RHs
P value is 0.00, smaller than 0.01, which means 5 sample groups was significantly different to each other.
comparatively, sensor #1, #4 and #3, #4 were considered close to each other, according to the figure below.
Figure 4.13: Fisher Individual 95% CIs - Differences of Means for Normalized Sensor Readings Over All %RHs
From sensor #1 to sensor #5, sensor errors were (%RH) 6.440, 7.595, 5.690, 6.267, 8.325. Mean of errors
was (%RH) 6.863. All sensor errors were larger than +/-3 %RH, so all sensors were considered inaccurate.
Comparatively, over all relative humidity range, sensor #3 had the most accuracy, sensor #5 had the least
accuracy.
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Figure 4.14: Individual Value Plot of Sensor Error vs Sensor Number Over all %RHs
Table 4.15: One-way ANOVA and Fisher Pairwise Comparisons
of Relative Humidity Test Over All Sensor Readings
Factor Information
Factor Levels Values
Ambient RH (%) 8 14.7 24.8 32.3 45.2 54.3 63.5 71.3 78.6
Means
Ambient RH (%) N Mean StDev 95% CI
14.7 250 -12.652 4.482 ( -13.285, -12.019 )
24.8 250 -12.012 3.829 ( -12.645, -11.379 )
32.3 250 -8.236 4.621 ( -8.869, -7.603 )
45.2 250 -0.392 3.869 ( -1.025, 0.241 )
54.3 250 0.120 5.082 ( -0.513, 0.753 )
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63.5 250 0.576 5.671 ( -0.057, 1.209 )
71.3 250 1.200 6.243 (0.567, 1.833 )
78.6 250 4.520 6.361 (3.887, 5.153 )
Table 4.16: Sensor Error of Relative Humidity Test Over All Sensor Readings
Ambient
RH (%)
14.7 24.8 32.3 45.2 54.3 63.5 71.3 78.6 Mean
Sensor
Error (%RH)
12.652 12.012 8.516 3.272 3.944 4.220 4.960 5.331 6.863
At 24.%RH sensors had the most consistency (StDev = 3.829), at 78.6%RH sensors had the least
consistency (StDev = 6.361).
Figure 4.15: Individual Value Plot of Normalized Sensor Readings vs Ambient %RH Over All Sensor Readings
From 14.7% to 78.6%, sensor errors were (%RH) 12.652, 12.012, 8.516, 3.272, 3.944, 4.220, 4.960, 5.331.
All sensor errors were larger than +/-3%RH, so sensors were all considered inaccurate over all %RH range.
Comparatively, sensors had the most accuracy at 45.2%RH, had the least accuracy at 14.7%RH.
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Figure 4.16: Individual Value Plot of Sensor Error vs Ambient %RHs Over All Sensor Readings
Sources of Errors
Error generated in Experiment Design
a. Though the reference temperature meter had been calibrated, minor error was unavoidable.
b. Reference temperature meter and five ZigBee sensors were placed in a row in environmental chamber.
They were close to each other, but still there would be some error since they were not at exactly the same
spot.
c. When I conducted temperature test, PCB was exposed directly to the environment, without a
protection case. Powering voltage might be affected when ambient temperature drops too quickly.
Error generated in Experiment Implementation
a. Since the environmental chamber does not have a monitoring window, reference meter readings were
collected when operator opened the environmental chamber, during that process ambient temperature
might have minor changes.
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b. The reference sensor in this experiment was in Celsius degree, yet the ZigBee sensor was in
Fahrenheit degree. Errors was generated during unit converting.
c. Usually before humidity validation, sensors should be pre-dry in oven for three days. In my
experiment we only pre-dry for one day. This can also cause inaccurate reading.
4.3 Analysis of Free Drop Test
In shock and vibration test, only one ZigBee sensor and one pre-calibrated reference accelerometer were
used, so no Fisher Pairwise Comparisons were needed. All we need to concern was sensor reading
consistency and accuracy.
Three key features were discussed in data analysis:
·The consistency and accuracy of sensor readings on different axis
·The consistency and accuracy of sensor readings on different drops/orientations
·The overall consistency and accuracy of sensor readings
As it described in 3.2.3 procedures of shock test, each dropping orientation will be repeated for five times.
Test result was listed below.




#1 #2 #3 #4 #5
Control Sensor Control Sensor Control Sensor Control Sensor Control Sensor
#1
X 99.21 85.94 64.61 76.56 59.89 62.50 62.33 56.25 68.37 56.25
Y 14.76 14.06 12.06 10.94 10.59 15.63 9.92 26.56 12.09 21.88
Z 29.42 21.88 31.11 28.13 26.37 17.19 28.22 18.75 22.29 17.19
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RMS 103.04 87.85 71.65 81.56 60.84 64.66 63.52 63.78 68.71 60.13
#2
X 60.40 53.13 58.14 57.81 68.71 64.06 70.82 64.06 63.31 64.06
Y 9.58 6.25 9.39 9.38 8.81 4.69 11.21 7.81 8.96 4.69
Z 30.16 15.63 29.53 31.25 24.86 21.88 22.70 12.50 28.19 31.25
RMS 61.61 53.15 58.76 57.92 69.80 64.39 71.99 64.16 64.79 65.66
#3
X 12.02 9.38 9.55 9.38 12.69 7.81 13.43 21.88 16.64 14.06
Y 44.31 43.75 52.94 56.25 58.28 62.50 64.39 64.06 67.17 68.75
Z 17.65 20.31 18.54 17.19 19.09 15.63 22.05 28.13 23.57 29.69
RMS 47.94 47.83 56.11 56.98 62.18 62.60 69.31 64.71 72.06 69.19
#4
X 28.87 25.00 30.15 18.75 48.04 18.75 20.42 12.50 18.52 9.38
Y 101.80 73.44 69.80 62.50 195.99 62.50 56.91 56.25 59.47 62.50
Z 24.66 62.50 26.93 87.50 97.60 57.81 33.20 39.06 27.67 28.13
RMS 103.95 76.16 71.37 88.40 224.16 62.70 63.63 56.98 60.39 62.81
#5
X 45.48 17.19 31.89 9.38 33.58 12.50 35.64 10.94 36.01 10.94
Y 26.71 54.69 28.03 35.94 20.20 34.38 24.81 40.63 20.91 37.50
Z 58.14 65.63 57.78 54.69 56.18 42.19 57.65 46.88 55.43 46.88
RMS 62.18 66.68 64.55 56.88 62.81 45.85 65.63 51.11 63.24 49.04
#6
X 23.46 14.06 29.97 17.19 31.36 32.81 17.01 43.75 20.11 26.56
Y 25.13 21.88 110.35 37.50 91.24 21.88 77.11 23.44 32.41 21.88
Z 57.89 48.44 60.03 53.13 69.50 68.75 66.92 70.31 67.81 67.19
RMS 63.28 49.24 122.21 54.04 109.75 76.58 102.87 86.07 71.12 72.52
#7 X 31.31 26.56 43.67 35.94 49.52 39.06 50.21 46.88 54.30 46.88
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Y 26.32 28.13 37.40 42.19 40.51 42.19 40.66 40.63 40.26 46.88
Z 7.84 7.81 8.65 10.94 7.77 6.25 8.32 7.81 14.61 7.81
RMS 40.82 37.66 58.05 54.01 64.28 57.58 64.74 62.11 67.82 66.31
#8
X 37.36 34.38 37.47 32.81 41.98 34.38 42.10 34.38 45.94 37.50
Y 13.96 10.94 18.52 14.06 19.86 14.06 27.67 20.31 20.70 12.50
Z 31.02 23.44 35.75 25.00 38.75 26.56 36.95 26.56 39.01 29.69
RMS 47.89 40.75 51.74 41.52 57.29 44.80 56.35 43.55 60.31 48.24
#9
X 12.91 15.63 5.97 3.13 8.11 3.13 14.17 12.50 7.40 3.13
Y 21.43 23.44 41.75 39.06 48.40 45.31 44.44 42.19 48.09 43.75
Z 15.57 14.06 35.18 31.25 35.41 31.25 37.52 31.25 41.62 37.50
RMS 26.13 29.69 54.69 50.02 60.11 55.07 58.55 52.71 63.44 57.64
#10
X 42.15 40.63 69.41 67.19 74.70 71.88 79.29 76.56 80.12 79.69
Y 34.70 43.75 51.14 59.38 48.35 62.50 50.94 65.63 52.70 65.63
Z 29.67 31.25 48.55 43.75 51.03 46.88 55.69 53.13 56.74 56.25
RMS 60.86 64.73 98.33 99.77 102.58 106.16 109.35 113.98 110.90 117.56
Ran ANOVA test on sensor readings after normalizing the spreadsheet..
Table 4.18: One-way ANOVA of Shock Test - Normalized G Value vs Axis
Factor Information
Factor Levels Values
sensor number 4 RMS, X, Y, Z
Means
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Sensor number N Mean StDev
RMS 50 -0.0919 0.1628
X 50 -0.1612 0.3719
Y 50 0.0259 0.4527
Z 50 -0.0305 0.4423
Table 4.19: Sensor Error of Three Axis
Axis X Y Z RMS
Sensor Error (%) 28.2% 32.87% 36.88% 13.32%
The standard deviation of 3 Axis were 0.3719 (X axis), 0.4527 (Y axis), 0.4423 (Z axis). Comparatively
collected data on X axis has the most consistency, collected data on Y axis has the least consistency.
Figure 4.17: Individual Value Plot of Normalized Sensor Readings vs Axis
Sensor errors on three axis were: 28.2% (X axis), 32.87% (Y axis), 36.88% (Z axis). All sensor errors were
larger than ±1.5%, so sensor was considered not accurate on all three axis. Comparatively, sensor was
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most accurate on X axis, least accurate on Z axis.
Figure 4.18: Individual Value Plot of Sensor Error vs Axis
Table 4.20: One-way ANOVA of Shock Test - Normalized G Value vs Dropping Orientation
Factor Information
Factor Levels Values
Drop Number 10 1 2 3 4 5 6 7 8 9 10
Means
Drop Number N Mean StDev
1 20 0.065 0.467
2 20 -0.1542 0.1937
3 20 0.0169 0.2091
4 20 -0.014 0.716
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5 20 -0.058 0.524
6 20 -0.147 0.494
7 20 -0.0558 0.1559
8 20 -0.2268 0.0714
9 20 -0.1284 0.2077
10 20 0.0568 0.1247
Table 4.21: Sensor Error of Ten Dropping Orientations
Dropping
Orientation
1 2 3 4 5 6 7 8 9 10
Sensor Error (%) 27.41 17.34 13.27 44.4 42.43 34.76 12.25 22.68 17.24 9.49
Table 4.20 had shown standard deviations of all 10 dropping orientations. Comparatively, sensor readings
of drop #8 had the most consistency, sensor readings of drop #4 had the least consistency.
Figure 4.19: Individual Value Plot of Normalized Sensor Readings vs Drop Number
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Since all sensor errors were larger than +/-1.5%. Sensor was considered inaccurate on all ten orientations.
Comparatively, sensor was most accurate on drop 10, least accurate on drop 4.
Figure 4.20: Individual Value Plot of Sensor Error vs Drop Number
Normality Test was ran to check consistency of all sensor readings.
Figure 4.21: Probability Plot of Normalized Sensor Readings (Normal)
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The overall standard deviation was 20.01.
Sources of Errors
Error generated in Experiment Design
a. Reference accelerometer and ZigBee sensor were placed close to each other on the same surface, but
still there would be minor error generated due to the position shifting.
b. In this experiment, tape was taken as a cushioning material, which would create minor error since the
thickness of tape had not been measured.
Error generated in Experiment Implementation
a. The reference accelerometer and ZigBee sensor might separated and re-stick to the tape after shock
test, if operators did not assemble them well before the test, which would cause errors.
b. XYZ three directions of two sensors might not strictly match the real space left-right, up-down,
front-back if operators did not assemble them well. That would cause data inaccurate.
4.4 Analysis of Vibration Test
Vibration test was similar to shock test, the only two index we need to focus were overall consistency and
accuracy.
As it mentioned in 3.2.4, vibration test was consist of two parts: 10Hz/1G Dwell test and 0.542G Steel
Spring Truck test, or call it 0.542G random test.
Table 4.22: Result of 10Hz/1G Dwell Test
10Hz/1G Dwell
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TIME (s) RMS TIME (s) RMS
15 0.710987579 390 0.71111724
30 0.716405152 405 0.713396256
45 0.716202599 420 0.713272083
60 0.714902019 435 0.70918566
75 0.717787515 450 0.711562603
90 0.715534129 465 0.717460565
105 0.711222423 480 0.71211129
120 0.713060609 495 0.711602073
135 0.717150513 510 0.71355698
150 0.715208281 525 0.711584983
165 0.712085931 540 0.711737744
180 0.714964785 555 0.710903922
195 0.713404229 570 0.715026309
210 0.712798716 585 0.714674684
225 0.711359421 600 0.711283918
240 0.718060103 615 0.710305595
255 0.715427248 630 0.713458882
270 0.714198528 645 0.711529384
285 0.712984416 660 0.708313301
300 0.712700771 675 0.715747019
315 0.714311325 690 0.716314777
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330 0.709253534 705 0.715419162
345 0.713789574 720 0.710880275
360 0.713565309 735 0.7144788
375 0.712731029 750 0.714476315
Table 4.23: Result of 0.542G Random Test
0.542G Steel Spring Truck
TIME (s) RMS TIME (s) RMS TIME (s) RMS
15 0.524213664 570 0.715026309 1125 0.528453876
30 0.550635629 585 0.714674684 1140 0.55271789
45 0.569888027 600 0.711283918 1155 0.550505796
60 0.4962315 615 0.710305595 1170 0.626521068
75 0.545106418 630 0.713458882 1185 0.543302452
90 0.553708255 645 0.711529384 1200 0.564328044
105 0.564879054 660 0.708313301 1215 0.555556286
120 0.542964117 675 0.715747019 1230 0.554405551
135 0.531623057 690 0.716314777 1245 0.589377216
150 0.591341713 705 0.715419162 1260 0.534150428
165 0.540226211 720 0.710880275 1275 0.712731029
180 0.53013926 735 0.7144788 1290 0.71111724
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195 0.526913428 750 0.540290116 1305 0.713396256
210 0.549014502 765 0.554843345 1320 0.531931148
225 0.528453876 780 0.555362749 1335 0.644147298
240 0.55271789 795 0.535190173 1350 0.543031212
255 0.550505796 810 0.597508164 1365 0.593302902
270 0.626521068 825 0.543194365 1380 0.543194338
285 0.543302452 840 0.503388414 1395 0.502804617
300 0.564328044 855 0.543289282 1410 0.558160375
315 0.555556286 870 0.567956184 1425 0.51949412
330 0.554405551 885 0.534304491 1440 0.517039989
345 0.589377216 900 0.524091536 1455 0.53876156
360 0.534150428 915 0.524213664 1470 0.559246164
375 0.712731029 930 0.550635629 1485 0.568220582
390 0.71111724 945 0.569888027 1500 0.526211019
405 0.713396256 960 0.4962315 1515 0.536516004
420 0.713272083 975 0.545106418 1530 0.484774302
435 0.70918566 990 0.553708255 1545 0.556917328
450 0.711562603 1005 0.564879054 1560 0.572280197
465 0.717460565 1020 0.542964117 1575 0.538209237
480 0.71211129 1035 0.531623057 1590 0.590217026
495 0.502804617 1050 0.591341713 1605 0.531782796
510 0.71355698 1065 0.540226211 1620 0.560464117
525 0.711584983 1080 0.53013926 1635 0.569025244
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540 0.517039989 1095 0.526913428 1650 0.540290116
555 0.710903922 1110 0.549014502 1665 0.509712011
Figure 4.22: Result of 10Hz/1G Dwell Test
Figure 4.23: Result of 0.542G Random Test
Normality test had shown that Overall standard deviation was 0.002303. C.V was 0.003228.
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Figure 4.24: Probability Plot of Sensor Readings
Table 4.24: Sensor Error of Vibration Test
Vibration Type 10Hz/1G Dwell 0.542G Random
Sensor Error (%) 28.66 8.24
Neither sensor error was smaller than +/-1.5%, so sensor was considered inaccurate in both vibration tests.
Relatively, sensor performed better in random vibration test than Dwell vibration test.
Sources of Errors
Error generated in Experiment Design
a. In this experiment tape was taken as a cushioning material between ZigBee sensor and vibration table.
Cushioning material would absorb part of vibration energy and weaken the g value.
b. Different location on vibration table might generated different vibration g value.
Error generated in Experiment Conduction
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None.
4.5 Analysis of Effective Broadcasting Range Test
Table 4.25: Result Matrix of Effective Broadcasting Range Test (Without Blocking Materials)
Coordinator
Orientation
Effective Broadcasting Range (m)
10 20 30 40 50 60 70
0° Active Active Active Active Active Active Active
45° Active Active Active Active Active Active Active
90° Active Active Active Active Active Active Active
135° Active Active Active Active Active Active Active
180° Active Active Active Active Active Active Active
Table 4.24 indicated that The effective broadcasting range in the air (without blocking material) was
larger than 70 meters.
Table 4.26: Result Matrix of Effective Broadcasting Range Test (With Blocking Materials)
Blocking
Material
Effective Broadcasting Range (m)
10 20 30 40 50 60 70
None Active Active Active Active Active Active Active
Plastic Sheet Active Active Active Active Active Active Active
Corrugated Board Active Active Active Active Active Active Active
Foam Active Active Active Active Active Active Active
Wood Active Active Active Active Active Active Active
Glass Active Active Active Active Active Active Active
Metal sheet Active Active Active Active Active Active Active
Table 4.25 indicated that effective broadcasting range with blocking material (Plastic sheet, corrugated
board, foam, wood, glass and metal sheet) had also been proved larger than 70 meters.
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4.6 Analysis of Signal Strength Distribution in Truck Trailer
On each location, 50 signal strength data points were collected every 5 seconds. Software Tera Term
was utilized in this experiment.
Table 4.27: Signal Strength at Rear Bottom in Truck Trailer
REAR BOTTOM
12.16% 9.02% 7.06% 3.92% 0.00% 9.02% 10.20% 15.29% 13.33% 7.06%
10.98% 16.47% 16.47% 13.33% 10.98% 13.33% 12.16% 10.20% 12.16% 10.20%
10.98% 12.16% 9.02% 9.02% 10.98% 10.20% 5.88% 5.88% 7.06% 10.98%
10.98% 12.16% 12.16% 5.88% 5.88% 8.24% 9.02% 8.24% 8.24% 13.33%
13.33% 10.98% 10.98% 12.16% 12.16% 12.16% 12.16% 10.98% 10.98% 10.20%
Other 5 signal strength spreadsheet can be found in appendix.
Table 4.28: Result of Signal Strength in Truck Trailer
Sensor Location rear bottom rear top middle bottom middle top front bottom front top
Signal Strength
(Mean Value)
10.31% 17.17% 4.20% 19.23% 6.31% 14.08%
The graph above indicated that signal strength received from lower levels (front bottom, mid bottom, rear
bottom) were weaker than from upper levels (front top, mid top, rear top). Among all the designed locations,
strongest signal strength was from mid top (19.23%), weakest signal strength was from mid bottom.
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Figure 4.25: Signal Strength Distribution in Truck Trailer
Sources of Errors
Error generated in Experiment Design
Tera Tern is not a perfect software for signal strength capturing in field. Its readings are unstable.
Error generated in Experiment Implementation
Phone calls, radios, televisions and other wireless electronic devices will interfere result of sensor
signal strength. It is randomly, difficult to predict.
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5 Conclusion
In my research I explained the significant effects that temperature, humidity, shock and vibration
caused during merchandise transportation. Inappropriate temperature or humidity could lead to seriously
damage to merchandise or greatly reduced storage time. The acceleration generated by shock and random
vibration will also damage merchandise, especially those fragile products like electronics. Therefore,
precisely and periodically monitoring on these key factors become important and essential, with the
potential to grow into a large industry.
By reviewing studies done by other sensor researchers, I developed independent test procedures and
analysis method for each index. The data was collected and analyzed from the experiment. I also listed out
possible source of errors to help readers better understand the value as well as limitations of each test.
Temperature Test
For temperature and humidity test, I designed 6 sensors synchronously collecting data in an adjustable
environmental chamber, 5 testing sensor and 1 pre-calibrated sensor. 6 sensors were placed closely in a row
inside the chamber to minimize the error caused by different locations. Testing temperature was ranged
from -20 degree C to 60 degree C. Testing humidity was ranged from 0 %RH to 90 %RH. Data points were
generated every 10 seconds. 50 data points were generated for each sensor at each temperature or humidity.
In temperature test data analysis at 1.76 F, sensor reading consistency from most to least were (sensor
number): (2, 3, 5)-1-4. From the perspective of statistic, sensor 1, 2, 4 were considered had no significant
difference to each other. Sensor reading accuracy from most to least were (2, 3)-1-4-5, sensor 1, 2, 3 were
considered accurate. At 15.98 F, sensor reading consistency from most to least were (sensor number): (2, 4,
5)-1-3. From the perspective of statistic, sensor 1, 2, 3, 5 were considered had no significant difference to
each other. Sensor reading accuracy from most to least were 3-(2, 4, 5)-1, all five sensors were considered
accurate. At 32.9 F, sensor reading consistency from most to least were (sensor number): 5-(2, 3)-1-4. From
the perspective of statistic, sensor 2, 4 and 3, 5 were considered had no significant difference to each other.
Sensor reading accuracy from most to least were 3-5-4-1-2, all five sensors were considered accurate. At
50.72 F, sensor reading consistency from most to least were (sensor number): (3, 4, 5)-2-1. From the
perspective of statistic, sensor 1, 2 and 3, 4, 5 were considered had no significant difference to each other.
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Sensor reading accuracy from most to least were (3, 4, 5)-1-2, all five sensors were considered accurate. At
67.28 F, sensor reading consistency from most to least were (sensor number): (1, 3, 4, 5)-2. From the
perspective of statistic, sensor 1, 3, 4, 5 were considered had no significant difference to each other. Sensor
reading accuracy from most to least were (1, 3, 4, 5)-2, all five sensors were considered accurate. At 84.92
F, sensor reading consistency from most to least were (sensor number): (1, 2, 3, 4)-5. From the perspective
of statistic, all five sensors were considered had no significant difference to each other. Sensor reading
accuracy from most to least were 5-(1, 2, 3, 4), all five sensors were considered accurate. At 102.56 F,
sensor reading consistency from most to least were (sensor number): (1, 2, 4, 5)-3. From the perspective of
statistic, all five sensors were considered had no significant difference to each other. Sensor reading
accuracy from most to least were 3-(1, 2, 4, 5), all five sensors were considered accurate. At 120.38 F,
sensor reading consistency from most to least were (sensor number): (1, 2, 3, 5)-4. From the perspective of
statistic, all five sensors were considered had no significant difference to each other. Sensor reading
accuracy from most to least were 4-(1, 2, 3, 5), all five sensors were considered accurate. At 120.38 F,
sensor reading consistency from most to least were (sensor number): (1, 2, 4)-5-3. From the perspective of
statistic, sensors 1, 2, 4, 5 were considered had no significant difference to each other. Sensor reading
accuracy from most to least were (1, 2, 4)-5-3, all five sensors were considered accurate.
Over all five sensors, sensor reading consistency from most to least were (sensor number): 3-2-1-4-5.
From the perspective of statistic, sensors 1, 2, and 4, 5 were considered had no significant difference to
each other. Sensor reading accuracy from most to least were 3-4-5-1-2, all five sensors were considered
accurate.Over all temperatures, sensor readings were most consistent at 84.92F and 120.38F, least
consistent at 32.9F, were most accurate at 138.31F, least accurate at 1.76F.
Reading accuracy was improved along with the temperature arise. Sensor functioned better at higher
temperature.
Though the reference temperature meter had been calibrated, minor error was unavoidable. Reference
temperature meter and five ZigBee sensors were placed in a row in environmental chamber. They were
close to each other, but still there would be some error since they were not at exactly the same spot. When I
conducted temperature test, PCB was exposed directly to the environment, without a protection case.
Powering voltage might be affected when ambient temperature drops too quickly. Since the environmental
chamber does not have a monitoring window, reference meter readings were collected when operator
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opened the environmental chamber, during that process ambient temperature might have minor changes.
The reference sensor in this experiment was in Celsius degree, yet the ZigBee sensor was in Fahrenheit
degree. Errors was generated during unit converting.
Relative Humidity Test
In humidity test data analysis, at 14.7%, sensor reading consistency from most to least were (sensor
number): 1-2-5-3-4. From the perspective of statistic, all sensor were considered significant different to
each other. Sensor reading accuracy from most to least were 5-3-4-1-2, no sensor was considered accurate.
At 24.8%, sensor reading consistency from most to least were (sensor number): (2, 4)-5-3-1. From the
perspective of statistic, all sensor were considered significant different to each other. Sensor reading
accuracy from most to least were 5-3-4-1-2, no sensor was considered accurate. At 32.3%, sensor reading
consistency from most to least were (sensor number): (2, 4, 5)-3-1. From the perspective of statistic, sensor
3, 4 were considered had no significant difference to each other. Sensor reading accuracy from most to least
were 5-4-3-1-2, only sensor 5 was considered accurate. At 45.2%, sensor reading consistency from most to
least were (sensor number): 2-1-5-4-3. From the perspective of statistic, sensor 3, 4 were considered had no
significant difference to each other. Sensor reading accuracy from most to least were 3-4-1-2-5, sensor 1, 3,
4 were considered accurate. At 54.3%, sensor reading consistency from most to least were (sensor number):
(2, 3, 4)-5-1. From the perspective of statistic, all sensor were considered significant different to each other.
Sensor reading accuracy from most to least were 4-3-1-2-5, sensor 1, 3, 4 were considered accurate. At
63.5%, sensor reading consistency from most to least were (sensor number): (2, 5)-4-1-2. From the
perspective of statistic, all sensor were considered significant different to each other. Sensor reading
accuracy from most to least were 4-3-1-2-5, sensor 1, 3, 4 were considered accurate. At 71.3%, sensor
reading consistency from most to least were (sensor number): (3, 4, 5)-2-1. From the perspective of statistic,
all sensor were considered significant different to each other. Sensor reading accuracy from most to least
were 1-4-3-2-5, sensor 1, 4 were considered accurate.At 78.6%, sensor reading consistency from most to
least were (sensor number): 3-5-1-2-4. From the perspective of statistic, all sensor were considered
significant different to each other. Sensor reading accuracy from most to least were 3-2-1-4-5, sensor 1, 2, 3
were considered accurate.
Over all five sensors, sensor reading consistency from most to least were (sensor number): 3-2-1-4-5.
From the perspective of statistic, sensors 1, 4 were considered had no significant difference to each other.
Sensor reading accuracy from most to least were 3-4-1-2-5, no sensor was considered accurate. Over
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all %RHs, sensor readings were most consistent at 24.8%, least consistent at 78.6%, were most accurate
at 45.2%, least accurate at 14.7%F.
Sensors were proved non-functional at any RH higher than 80%.
Though the reference temperature meter had been calibrated, minor error was unavoidable. Reference
temperature meter and five ZigBee sensors were placed in a row in environmental chamber. They were
close to each other, but still there would be some error since they were not at exactly the same spot. When I
conducted temperature test, PCB was exposed directly to the environment, without a protection case.
Powering voltage might be affected when ambient temperature drops too quickly. Since the environmental
chamber does not have a monitoring window, reference meter readings were collected when the operator
opened the environmental chamber. During that process, ambient temperature might have underwent minor
changes. The reference sensor in this experiment was in Celsius degree, yet the ZigBee sensor was in
Fahrenheit degree. Errors were generated during unit converting. Usually before humidity validation,
sensors should be pre-dry in oven for three days. In my experiment we only pre-dry for one day. This can
also cause inaccurate reading.
Free Drop Test
Shock test indicated that among three axis, sensor reading consistency from most to least were X-Z-Y,
sensor reading accuracy from most to least were X-Y-Z. Among ten dropping orientations, readings of drop
#9 was the most consistent one, sensor readings of drop #6 was the least consistent one. Readings of drop
#10 was the most accurate, drop #4 was the least accurate. Overall, sensor was considered inaccurate on
any of axis or dropping orientations.
Reference accelerometer and ZigBee sensor were placed close to each other on the same surface, but
still there would be minor error generated due to the position shifting. In this experiment, tape was taken
as a cushioning material, which would create minor error since the thickness of tape had not been
measured. The reference accelerometer and ZigBee sensor might have separated and re-stick to the tape
after shock test, if operators did not assemble them well before the test, which would cause errors. XYZ
three directions of two sensors might not strictly match the real space left-right, up-down, front-back if
operators did not assemble them well. That would cause data inaccurate.
Evaluation and Assessment of ZigBee Wireless Sensor
72
Vibration Test
Vibration test indicate that sensor readings were considered having good consistency, but inaccurate in
10Hz/1G Dwell or 0.542G Random test.
In this experiment tape was taken as a cushioning material between ZigBee sensor and vibration table.
Cushioning material would absorb part of vibration energy and weaken the g value. Different location on
vibration table might generated different vibration g value.
Effective Broadcasting Range Test
Sensor effective broadcasting range had been proved beyond 70 meters, even with blocking materials
like plastic, metal, wood, foam, corrugated board or glass. When sensor was loading in a truck, signal
strength was weaker at bottom surface that at top ceiling. Maximum signal strength was received from mid
top, minimum signal strength was received from mid bottom.
Regards to the validating methodology and real-world test implementation, the inaccuracy and
inconsistency of sensor readings could be a result of test design error or system error, which includes the
inaccuracy of reference sensor designed in my experiments, errors cause by test supplies like tape,
corrugated paper, glue, incorrect behaviors from experimenters, units converting, incomplete test
procedures, etc. In another words, final validating results were interfered by a number of unavoidable
factors, further researches are needed to modify results of validation.
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6 Suggestions for Future Researches
For temperature and humidity test, more criteria can be applied to minimize errors. For example, if
one of the five sensor was isolated from the rest four, which means it was significant difference to the rest
of the sensors, at the same time the rest four sensors are no different to each other statistically, all readings
from this sensor should be eliminated.
For free drop test, more drop heights are encouraged to use to help understand how sensor performed
at different drop height. But remember when drop height changed, the weight of wooden box needs to be
adjusted regard to the weight-height formula. Besides, different drop receiving surfaces are also encouraged
to applied in future researches, not only limit to concrete.
The tape used in free drop test and vibration test should be replaced by thinner ones or strong glue to
minimize energy absorption when tape was taken as cushion material.
For effective broadcasting range test, if possible, further distance should be tested to find out the
maximum broadcasting range. Also, new technology are needed to precisely record signal strength at each
distance and with each blocking materials.
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Appendices
Sensor Readings at 1.76℉
Environment Temp (1.76℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
-2.2 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-2.2 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-2.2 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
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-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -2.2 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
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-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
-0.4 -0.4 -0.4 -0.4 -2.2
Mean Value (F) -0.508 -0.4 -0.4 -1.228 -2.2
Sensor Readings at 15.98℉
Environment Temp (15.98℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
14 14 15.8 14 14
14 14 15.8 14 14
14 14 15.8 14 14
14 14 15.8 14 14
14 14 15.8 14 14
14 14 14 14 14
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14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
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14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
14 14 14 14 14
12.2 14 14 14 14
12.2 14 14 14 14
14 14 14 14 14
12.2 14 14 14 14
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Mean Value (F) 13.892 14 14.18 14 14
Sensor Readings at 32.9℉
Environment Temp (32.9℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
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30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 30.2 32
30.2 30.2 32 32 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 32 32
30.2 30.2 32 30.2 32
30.2 30.2 32 32 32
30.2 30.2 32 32 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
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30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
30.2 30.2 32 30.2 32
32 30.2 32 32 32
32 32 33.8 32 32
Mean Value (F) 30.272 30.236 32.036 31.208 32
Sensor Readings at 50.72℉
Environment Temp (50.72℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
50 50 50 50 50
50 50 50 50 50
50 50 50 50 50
50 50 50 50 50
50 50 50 50 50
50 50 50 50 50
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50 50 50 50 50
50 50 50 50 50
50 50 50 50 50
50 50 50 50 50
50 48.2 50 50 50
48.2 48.2 50 50 50
50 48.2 50 50 50
50 48.2 50 50 50
48.2 48.2 50 50 50
50 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
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48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
48.2 48.2 50 50 50
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Mean Value (F) 48.704 48.56 50 50 50
Sensor Readings at 67.28℉
Environment Temp (67.28℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
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66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 64.4 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
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66.2 64.4 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
66.2 66.2 66.2 66.2 66.2
Mean Value (F) 66.2 65.768 66.2 66.2 66.2
Sensor Readings at 84.92℉
Environment Temp (84.92℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
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84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
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84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.2
84.2 84.2 84.2 84.2 84.3
84.2 84.2 84.2 84.2 84.2
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Mean Value (F) 84.2 84.2 84.2 84.2 84.202
Sensor Readings at 102.56℉
Environment Temp (102.56℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.4 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
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102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
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102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
102.2 102.2 102.2 102.2 102.2
Mean Value (F) 102.2 102.2 102.204 102.2 102.2
Sensor Readings at 120.38℉
Environment Temp (120.38℉)
Sensor Number
1 2 3 4 5
Temperature (℉)
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
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120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
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120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.3 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
120.2 120.2 120.2 120.2 120.2
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Mean Value (F) 120.2 120.2 120.2 120.202 120.2
Sensor Readings at 14.7%RH
Environment %RH (32.3%)
Sensor Number
1 2 3 4 5
Relative Humidity (%)
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 22 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
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21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
22 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
21 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
21 20 23 23 33
22 20 23 23 33
22 20 23 23 33
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22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
21 20 23 23 33
21 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
22 20 23 23 33
Mean Value (%) 21.34 20 22.98 23 33
Sensor Readings at 45.2%RH
Environment %RH (45.2%)
Sensor Number
1 2 3 4 5
Relative Humidity (%)
43 41 43 43 52
43 42 43 43 52
43 41 43 43 52
43 42 43 43 52
43 42 43 43 52
43 42 43 43 52
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43 42 43 43 52
43 42 43 43 52
43 42 43 43 52
42 42 43 43 52
43 42 43 44 52
43 42 44 44 53
43 42 44 43 53
43 42 44 44 53
43 42 44 44 53
42 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 43 52
42 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 43 43 52
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43 42 44 44 52
42 42 43 43 52
42 42 43 43 52
42 42 43 43 52
43 42 43 43 52
43 42 43 44 52
43 42 43 43 52
42 42 43 43 52
42 42 43 43 52
43 42 44 43 53
43 42 44 44 53
42 42 44 44 53
43 42 44 44 53
43 42 44 44 53
43 42 44 44 52
42 42 44 43 52
42 42 43 43 52
43 42 43 43 52
43 42 43 43 52
43 42 43 43 52
42 42 43 43 52
43 42 43 43 52
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Mean Value (%) 42.76 41.96 43.48 43.44 52.4
Sensor Readings at 63.5%RH
Environment %RH (63.5%)
Sensor Number
1 2 3 4 5
Relative Humidity (%)
60 60 61 64 75
61 59 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 59 61 64 75
61 59 61 64 75
60 59 61 64 75
61 60 61 64 75
61 60 61 64 75
60 60 61 64 75
60 60 61 64 75
61 60 61 64 75
62 60 61 64 75
61 60 61 64 75
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60 60 61 64 75
61 60 61 64 75
61 59 61 64 75
60 59 61 64 75
61 59 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 60 61 64 75
61 59 61 64 75
61 59 61 64 75
60 59 61 64 75
61 59 61 64 75
61 60 61 64 75
60 60 61 64 75
61 60 61 64 75
61 59 61 64 75
61 59 61 64 75
61 59 61 64 75
61 60 61 64 75
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61 60 61 64 75
61 60 61 64 75
61 60 61 63 75
60 59 61 64 75
62 59 61 64 75
61 59 61 64 75
61 59 61 64 75
60 59 61 64 75
61 59 61 64 75
61 59 61 64 75
61 59 61 64 75
Mean Value (%) 60.84 59.56 61 63.98 75
Sensor Readings at 71.3%RH
Environment %RH (71.3%)
Sensor Number
1 2 3 4 5
Relative Humidity (%)
69 67 68 74 84
70 67 68 74 84
69 67 68 74 84
69 67 68 74 84
69 67 68 74 84
70 67 68 74 84
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70 67 68 74 84
69 67 68 74 84
70 67 68 74 84
70 67 68 74 84
70 67 68 74 84
70 67 68 74 84
69 67 68 74 84
69 67 68 74 84
69 67 68 74 84
69 67 68 74 84
70 67 68 74 84
69 67 68 74 84
69 67 68 74 84
70 67 68 74 84
70 67 68 74 84
70 67 68 74 84
69 67 68 74 84
70 67 68 74 84
70 67 68 74 84
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69 67 68 74 84
70 67 68 74 84
70 67 68 74 84
70 67 68 74 84
69 67 68 74 84
70 67 68 74 84
70 67 68 74 84
69 67 68 74 84
69 67 68 74 84
70 67 68 74 84
70 67 68 74 84
70 67 68 74 84
69 67 68 74 84
69 68 68 74 84
69 67 68 74 84
69 67 68 74 84
69 68 68 74 84
70 67 68 74 84
69 67 68 74 84
69 67 68 74 84
69 67 68 74 84
69 67 68 74 84
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Mean Value (%) 69.46 67.04 68 74 84
Sensor Readings at 78.6%RH
Environment %RH (78.6%)
Sensor Number
1 2 3 4 5
Relative Humidity (%)
81 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 87 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
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80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 87 94
80 77 78 86 94
80 77 78 87 94
80 77 78 87 94
80 77 78 87 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 77 78 86 94
80 78 78 86 94
80 77 78 86 94
80 78 78 86 94
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81 77 78 86 94
80 77 78 87 94
80 78 78 87 94
80 77 78 87 94
80 77 78 87 94
80 78 78 87 94
80 78 78 87 94
80 78 78 87 95
81 78 78 87 95
80 78 79 87 95
80 77 78 86 95
Mean Value (%) 80.06 77.16 78.02 86.28 94.08
Sensor Readings at Rear Top
REAR TOP
5.88% 7.06% 15.29% 15.29% 17.25% 17.25% 17.25% 17.25% 13.33% 13.33%
13.33% 14.12% 18.43% 19.22% 21.57% 20.39% 12.16% 14.12% 17.25% 18.43%
19.22% 18.43% 17.25% 15.29% 15.29% 16.47% 17.25% 18.43% 18.43% 18.43%
18.43% 18.43% 18.43% 18.43% 18.43% 18.43% 20.39% 20.39% 16.47% 17.25%
22.35% 20.39% 18.43% 18.43% 20.39% 20.39% 20.39% 19.22% 14.12% 16.47%
Sensor Readings at Mid Bottom
Evaluation and Assessment of ZigBee Wireless Sensor
108
MID BOTTOM
9.02% 10.98% 10.98% 0.00% 0.00% 8.24% 8.24% 7.06% 7.06% 5.88%
5.88% 0.00% 3.92% 5.88% 5.88% 2.75% 3.92% 8.24% 8.24% 1.96%
0.00% 7.06% 5.88% 0.00% 0.00% 9.02% 8.24% 5.88% 5.88% 0.00%
0.00% 3.92% 0.00% 1.96% 1.96% 0.78% 1.96% 5.88% 8.24% 3.92%
3.92% 3.92% 2.75% 0.00% 0.00% 1.96% 1.96% 3.92% 2.75% 3.92%
Sensor Readings at Mid Top
MID TOP
20.39% 20.39% 18.43% 18.43% 19.22% 20.39% 18.43% 18.43% 18.43% 19.22%
18.43% 18.43% 18.43% 18.43% 18.43% 18.43% 19.22% 19.22% 18.43% 18.43%
18.43% 18.43% 20.39% 20.39% 19.22% 19.22% 19.22% 19.22% 19.22% 19.22%
18.43% 18.43% 20.39% 19.22% 19.22% 18.43% 19.22% 19.22% 20.39% 20.39%
18.43% 18.43% 19.22% 19.22% 20.39% 20.39% 20.39% 20.39% 20.39% 20.39%
Sensor Readings at Front Bottom
FRONT BOTTOM
10.20% 9.02% 8.24% 7.06% 8.24% 9.02% 10.98% 10.98% 10.98% 8.24%
8.24% 9.02% 8.24% 8.24% 0.00% 2.75% 8.24% 0.00% 7.06% 10.98%
7.06% 7.06% 5.88% 7.06% 8.24% 3.92% 3.92% 5.88% 5.88% 1.96%
2.75% 3.92% 2.75% 2.75% 2.75% 5.88% 5.88% 8.24% 8.24% 9.02%
9.02% 3.92% 5.88% 2.75% 0.78% 2.75% 5.88% 5.88% 7.06% 7.06%
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Sensor Readings at Front Top
FRONT TOP
19.22% 19.22% 9.02% 12.16% 14.12% 14.12% 14.12% 14.12% 18.43% 12.16%
8.24% 16.47% 18.43% 20.39% 15.29% 9.02% 14.12% 16.47% 12.16% 10.20%
7.06% 5.88% 22.35% 22.35% 5.88% 9.02% 24.71% 21.57% 15.29% 15.29%
21.57% 8.24% 8.24% 17.25% 17.25% 20.39% 19.22% 9.02% 12.16% 18.43%
19.22% 10.98% 12.16% 14.12% 17.25% 10.20% 14.12% 0.00% 9.02% 8.24%
